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SUMMARY

During this program, proprietary equipment and tech-
niques for ultrasonic metal bonding were successfully
extended from small spot welds to larger area diffusion
bonds with multiple interfaces as associated with laminated-
stack fluidic device assemblies. Photochemically etched
aluminum laminates (up to 18 layers) with overlap areas up
to 1.0 by 1.1 inches and stack thicknesses up to 0.060 inch
were bonded.

Aluminum laminates consisting of manifold plates,
fluid channel patterns, active elements, and combinations
representative cf active devices were assembled. Ultra-
sonic activation at low power permitted a high degree of
interface consolidation with minimal channel distortion.
Higher power activation provides strong bonds and greater
leak resistance at the expense of fluid channel distortion.

This study exploited the use of newly developed
microhmeters for monitoring the progress and status of
interface contact development during bonding. In-situ
measurements of stack resistance permit rapid determination
of equivalent bond status under various combinations of
bonding parameters. Simple static loading (to 2000 psi)
reduces stack resistance tenfold. But ultrasonic activa-
tion reduces the stack resistance by an additional thou-
sandfold. This technique has application in monitoring
other diffusion bonding processes and the use of other
laminate materials.

The ultrasonically activated diffusion bonding process
develops very low contact resistance within one second at
room temperature and ambient air conditions. Utilization
of this short bonding cycle permitted assembly of over one
hundred laminated stacks under controlled experimental con-
ditions. These studies depleted the available supply of
1 by 3 inch photochemically etched laminates in thicknesses
of 2, 3, and 5 mils.

The fundamentals of the diffusion bonding process and
the ultrasonic equipment characteristics necessary for
activation were examined and defined. Processing costs
can be exceptionally low due to brief bonding time, low
energy consumption, and freedom from special atmospheres
or temperatures during bonding.



System requirements were established for the ultrasonic
bonding of larger laminates (up to 3 inches diameter) and
thicker stacks as envisioned for a variety of Army Ordnance
applications. The design and construction of this larger
fluidic device assembly system would provide a unique bond-
ing capability and is strcngly recommended.

The low power investigations showed the potential of
the ultrasonic assist in assembling fluidic stacks. Inves-
tigation at increased power levels indicated promise in
bonding laminates of larger area and gr=ater thickness.
However, unforeseen tooling problems compromised the success
of the increased power effort. The laminate alignment pins
used in the low power investigation were not applicable for
the higher power work, and power levels in excess of 3500
RF watts were not effectively achieved.

Further investigation of tooling requirements will be
necessary to assure a satisfactory process for diffusion
bonding fluidic stacks with the ultrasonic assist.

vi



FOREWORD

This final report on the development of ultrasonic
diffusion bonding for the assembly of fluidic control
devices was prepared by Sonobond Corporation, West Chester,
Pennsylvania, under Army Contract DAAA21-76-C-0186. The
basic contract, which covered the period from March 31,
1976 to April 1, 1977, was carried out under the sponsor-
ship of the Department of the Army, US Army Armament
Research and Development Command, Dover, New Jersey, with
Dave Sampar, SARPA-NC-C-C, serving as project engineer.

The work at Sonobond was performed by Howard C. Scheetz

and Paul L. Coppa. Philip C. Krause served as administra-
tive supervisor.

Subsequent modifications to the contract provided for
additional evaluation of the ultrasonic diffusion bonding
process for the period from October 1, 1977 to May 15, 1978.
SSG Michael Goes was project engineer for the US Army Arma-
ment Research and Development Command during this period.
The work at Sonobond was under the supervision of Janet

Devine. This additional effort is described in Appendix A
to this report.

The findings of this report are not to be construed as
an official Department of the Army position.
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I. INTRODUCTION

This report presents the results obtained on Army Con-
tract No. DAAA21-76-C-0186, which was oriented to the
development of ultrasonic equipment and techniques for
facilitating the diffusion bonding of laminated aluminum
fluidic circuit modules.

Under a previous contract (DAAA21-73-C-0234), an
ultrasonic diffusion bonding apparatus was assembled. The
ultrasonic system consisted of a Sonobond wedge-reed ultra-
sonic spot welding system appropriately modified for use
under high vacuum conditions, with a shortened reed member
for containment within a commercially available vacuum bell
jar. Provisions for elevated temperature operation included
an induction heating coil surrounding the welding and anvil
tips with the workpiece interposed between. This entire
assembly was installed within the bell jar, and appropriate
driving, pumping, and indicating equipment was assembled to
provide a complete functional unit.

The initial work on the present contract was oriented
primarily to ultrasonically assisted diffusion bonding of
small aluminum elements with the following objectives:

1. Reduced diffusion bonding time as compared with
thermally activated bonding.

2. Reduced criticality in environmental control during
bonding.

3. Bonding of laminate rectangular sections with over-
lap areas of 1/2 by 1/2 inches up to 1 by 1 inches.

4. Bonding of laminated stacks having 12 or more
layers to simulate assembly of active devices.

5. Bonding of laminated stacks having thicknesses of
0.05 inch or more.

6. Definition of process variables for extension to
thicker stack fluidic devices.

7. Definition of process variables for extension to
larger area laminated assemblies.



8. Definition of process variables involved in a
production-type ultrasonically activated bonding
system.

Early efforts to assemble multi-layer aluminum foil
specimens led to surprisingly good results without a vacuum
or high-temperature environment. With the Project Engineer's
approval, the approach was modified to place maximum emphasis
upon ultrasonic activation and minimum emphasis upon thermal
activation.

During the first few months, equipment and techniques
were developed for ultrascnically activated diffusion bond-
ing of aluminum laminates up to 1/2 inch square and up to
18 laminates thick, The resulting bond is rather unique,
being different in mechanical properties from conventional
ultrasonic metal bonding and different from thermally acti-
vated diffusion bonding. Ultrasonic bonding times of 2 to
4 seconds are ordsrs of magnitude faster than thermally
activated bonding and require no furnaces or high wvacuum
System. Potential cost savings for fabrication of multi-
layer fluidic devices are great. Table 1 provides a com-
parison between two diffusion bonding processes as applied
to aluminum laminates. Clearly, the ultrasonic approach has
dramatic advantages.

With the assistance of the Army Project Engineer,
realistic goals for bonding characteristics and fluidic
device performance characteristics have been established.
These practical goals have allowed engineering trade-offs
between mechanical strength and fluid leak rates which per-
mitted gross reductions in acoustic power density. There-
fore the cost effectiveness of the selected ultrasonic
system is substantially improved in comparison to thermally
activated bonding or higher power ultrasonic systems.

A, WELDING VERSUS BONDING OF METALS

Welding is usually thought of as a fusion process.
The process may be divided into three categories:

1. Liquid-phase welding occurs when the edges of two
proximate members are melted and the members are
joined by solidification of the molten material
which exists between them at some stage of the
process.
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2. Ligquid-solid phase welding occurs when only the
added metal is liquid, the initial members to be
joined remaining solid at all points.

3. Solid-phase welding is defined as a process of
joining when none of the material is melted at any
time. Solid-phase welding is the oldest of all
types, being practiced in Egypt as early as 3000
B.C. (18). The bonding mechanism requires only
interatomic interaction of nearest neighbors, i.e.,
at a distance of one lattice parameter within a
metal crystal structure. This reduces the problem
to one of mass transport wherein diffusion and
more particularly self-diffusion plays the key
role.

B. PHENOMENOLOGICAL REVIEW OF METAL BONDING

Early in this study, a brief review of the diffusion
bonding literature was initiated. Very little has been
written on diffusion bonding of aluminum or on ultrasoni-
cally activated diffusion bonding (14). Some of the liter-
ature uses the term "diffusion welding" (24) to describe
nonfusion methods. Other authors (33) have used the phrase
"solid state bonding."

The literature provides several general classes of
diffusion bonding techniques based on the thermodynamic

bonding parameters of time, temperature, pressure, and
activation energy.

1. Xield stress controlled bonding relies primarily

on mechanical disruption of the joint surfaces and

(18) Kinzel, A. B., "Solid Phase Welding," 25th Annual
Meeting, American Welding Society, 1944.

(14) Joshi, K. C., "The Formation of Ultrasonic Bonds
Between Metals." Welding J., Dec. 1971, p. 840-848.

(24) Miller, M. A., "Joining Aluminum to Other Metals."
Welding J., Aug. 1953, 12 p.

(33) Storchheim, S.,"Some Studies of Al-Cu and Al-Zr Solid

State Bonding." Trans. AIME J. Metals, Vol. 203, Aug.
1955, p. 891-894.




applied pressure across the bcnd interface to
promote diffusion of metal atoms across the joint.
This definition was provided years ago (3) speci-
fically for a static loading condition. However,

it is equally appropriate for the dynamic environ-
ment provided by ultrasonic metal bonding equipment,
especially as applied to wedge-reed metal bonding
systems.

Pressure welding is the formation of a solid-phase
weld between metallic materials by the application
of a deforming pressure at any temperature below
the melting point of the components (24).

Diffusion welding is the joining of electroplated
surfaces under rather low pressures and tempera-
tures for a period of time sufficient to induce
recrystallization of the plating alloys, e.g.,
600°F for silver-plated aluminum (24).

Transient melt diffusion bonding uses a thin tem-
porary liquic phase to transport metal atoms across
the interface and thereby speed diffusion.

Thermally activated diffusion bonding relies pri-
marily on elevated temperatures to induce diffusion
across the joint. At any given temperature the
process is controlled by the diffusion coefficient:
hence it is alsc called diffusion-controlled
bonding. Bonding pressure is applied to produce
intimate surface contact in the joint.

Creep controlled bonding uses elevated temperatures
to produce creep at the interface to establish a
bond. Bonding temperatures are kept low enough so
that the yield stress of the material remains
higher than the bonding pressure.

Intergranular melt diffusion beonding uses a solute
alloying element to help create a ccmpositional
gradient at grain boundaries. Carefully controlled
temperatures lying between the liquidus and the
solidus points or between the bulk and surface

Blank, G. F., "A Practical Guide tc Diffusion Bonding,"
Mater. Design Eng., Oct. 1966, ©. 76=79.




eutectic points are used to produce a thin liquid

phase to transport metal atoms across the interface
()

8. Ultrasonicallv activated diffusion bonding provides
the mechanism for simultaneously employing several
of the above phenomena. With the proper selection
of bonding parameters, yield stress, thermal acti-
vation, and creep controlled bonding can each
contribute to the bonding process while avoiding
the problems associated with transient melt diffu-
sion and intergranular melt diffusion.

(31) Spurgeon, W. M., S. K. Rhee, and R. S. Kiwak,
"Diffusion Bonding of Metals." Bendix Technical J.,
Spring 1969, p. 24-44.




II. CONVENTIONAL ULTRASONIC BONDING

Conventional ultrasonic metal bonding incorporates
high ultrasonic energy density and moderate static clamping
forces to induce plastic deformation of the contacting
interface. Spot welding, seam welding, and ring welding
concentrate the dynamic energy into a finite spot or weld
track. The entire interface within this spot is diffusion
bonded into nugget quality. When the dynamic shearing
stress at the interface exceeds the local yield Strength
(in shear), plastic deformation begins and continues until
intimate contact has been established across the full
region (Figure 1). The tensile and shear strength proper-
ties of the resulting nugget are comparable to the parent
material strengths. Tensile-shear tests on finite-size
spot welds typically induce failure in the parent metal
(not within the nugget) at the boundary of the nugget where
the thinnest sections are found.

Table 2 lists ring weld characteristics for pertinent
aluminum alloys. For a single ring weld in 3.5-mil-thick
aluminum foil, with only two layers, an RF energy density
of 1800 watt-seconds per square inch was used to obtain
nugget quality. As the foil thickness increased to 8 mils,
the energy density increased to 7000 watt-seconds per square
inch. The 7000 watt-seconds per square inch energy density
for an assembly thickness of 16 mils is directly comparable
to the energy density used for 18-mil stacks of etched
aluminum laminates, as described in Section IV.

Table 2 also shows a tenfold increase in static com~
bressive stress for ring welds as compared with the clamping
forces used with fluidic laminates.

A graphical presentation of the energy densities for
ring weld data (circa 1972) listed in Table 2 and for spot
weld data listed in Ref. (13) for 1100 series aluminum is
shown in Figure 2. Both sets of data show an energy den-
sity (E/A) dependence upon thickness (t) raised to the 3/2
power (i.e., positive slope of 1.5 on a log-log plot of E/A

(13) Jones, J. B., N. Maropis, J. G. Thomas, and D. Ban-
croft, "Phenomenological Considerations in Ultrasonic
Welding." Welding J., Vol. 40, July 1961, p. 289s-
305s.
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TABLE 2. RING WELD CHARACTERISTICS IN ALUMINUM ALLOYS

Soncbond Model WR-2000RFN Welder with "Standard Horn"

Ring Spot Size: 1l-inch mean diameter
0.05-inch-wide annulus

Weld Area: 0.0785 square inch

Material Static Load Weld Parameters
Nugget*
(1.5" x 3" Coupons) Ring Weld
Clamp Compr. RF Weld Energy
Aluminum Thickness Force Stress Power Time (watt- =
Alloy (inch) (1b) (psi) (watts) (sec) sec)
1145-H19 0.0035 1680 21,000 720 0.2 140
1100-0 0.008 1600 20,000 1800 0.3 540
1100-H14 0.020 1820 23,000 2400 1.0 2400

* Nugget quality indicates failure in parent metal outside

bond area.

10



100

50 -

m /
.l

&%
B

kw-sec/sq in.

Bond Energy Density (E/A),

5
VR W 4
Vi /
/ j
. VARY,
/ /
0.5 2! s ® Spot Weld, 2 layers (1961) ——
/ // @D Ring Weld, 2 layers (1972) —
/ 3 Diffusion Bond, 6 laminates —4

A/ L L]

2
0.6 1 5 10 . 50 100
Stack Thickness (t) in mils (10~ ° inches)

Figure 2. Ultrasonic bond energy density for aluminum
foil.

BETl



versus t). Data for diffusion bonding of etched aluminum
laminates as reported in Seation V Fall directly upon the
ring weld data line. These diffusion bond data include
sample sizes from 1/2 by 1/2 inch up to 1 by 1 inch.

acoustical conversion efficiencies of the early magneto-
Strictive transducers and the higher efficiencies of piezo-
electric tension-shell transducers.

A, RE POWER MONTITOR

A wideband RF power meter has been incorporated into
and is available for use with medium- cr hich-power ultra-—
sonic equipment. The power monitoring module samples the
frequency converter output power and detects the forward
and load power based on the principle of directional cou-
pling in a transmission line. This is processed electroni-
cally to provide true rms values and is displayed on the
panel meter as either the forward or load power (as selected
by a toggle switch). Load power refers to the true trans-
ducer drive power which has been acoustically absorbed. The
difference between forward and load power represents the
reflected power induced by impedance mismatches, either
electrical or acoustical.

The functions of the RF power monitor are:

l. System Tuning

Facilitates frequency tuning without the use of
external instrumentation. At any given power step,
the frequency is adjusted until maximum load power
is indicated. This corresponds to the best oper-
ating frequency.

2. Electronic/Acoustic Impedance Matching

Provides impedance matching information. With
the power switch in the forward position, the
meter indicates the power available from the

frequency converter (PF)' In the load position,
the power meter indicates the power being ab-
sorbed by the load (P.). The difference between

these readings is the“reflected power (PR).

12



Best ultrasonic efficiency is usually obtained
with lowest reflected power. A large reflected
power (when the unit is adjusted for best fre-
quency) indicates an impedance mismatch. When

a large mismatch is found during an initial machine
setup, tap changes can be made in the RF trans-
former connections to remedy this situation and
provide more efficient operation.

3. Svystem Repeatability

Eases repeat setup for any application. Once it
has been established that a certain application is
successful at a given load power, the application

can be set up again at any future *time with the
same load power.

4., Quality Control Monitoring of Laminates

Provides quality control monitoring. A malfunction
in the ultrasonic unit or a substantial difference
in the quality of the parts being processed will
cause a change in the load power reading and alert
the operator. If an increase in reflected power

is discovered as a production application continues,
this indicates a change in parts quality, or sur-
face condition, or tooling wear as another quality
control parameter.

PL + PR = PF

Tuning goal: Maximize PL'

Impedance matching goal: Minimize Pp-

The power monitor is standardly supplied with an
analog panel meter. Response time is 1.5 seconds, which
is suitable for any continuous-duty application, including
ultrasonic tube drawing, seam welding, extrusion, machining,
and deep drawing, or for welding applications requiring a
2-second or longer ultrasonic power pulse.

An optional light-emitting diode (LED) linear display

with 50 point resolution and 15 millisecond response time
is available for short pulse duty applications, including

13



ultrasonic spot welding, ring welding, plastics welding,
insertion, staking, and upsetting. This LED display was
used during this study.

B. IMPEDANCE MATCHING BETWEEN FREQUENCY CONVERTER AND
ACOUSTIC LOAD

Well-designed and efficiently operated ultrasonic
systems require an impedance matching network between the
power amplifier and the ultrasonic transducer. As an
ultrasonic bonding system is pushed toward its limits,
impedance matching becomes increasingly more important.

Figure 3 shows the effects of impedance mismatch upon
load power. The ability to deliver power to the load de-
Creases rapidly as the impedance mismatch increases. For
example, in order to deliver 3000 watts from the 4000-watt,
50-ohm frequency converter, the load impedance presented
by the impedance matching network and the acoustic system
must lie between 1/3 and 3/L of 50 ohms (or between 17 and
150 ohms).

While not readily apparent, the effective electrical
impedance of an ultrasonic transducer increases as the
acoustic loading decreases. For example, if the bonding
tip couples poorly to the workpiece, the effective load
impedance appears high. Likewise, if the interface to be
bonded is lubricated or has a low dynamic coefficient of
friction, the effective load impedance appears . gt

Contrarily, if the bonded interface arez increases,
the effective load impedance decreases. Consequently, the
limitations of any given ultrasonic bonding system are
strongly influenced by the acoustic response character-
istics of the workpieces and the tip-to-sample coupling.

14
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III. ULTRASONICALLY ACTIVATED
DIFFUSION BONDING SYSTEM

Sonobond pioneered the ultrasonic approach to metal
"welding" over two decades ago. Considerable equipment
development has occurred during that time span, leading
to the apparatus used for this program. In recent years,
it became apparent that ultrasonic "welding" is a misnomer
and that metal bonding is a better term. Ultrasonically
activated diffusion bonding is a more precise term, and it
is appropriate to most of the ultrasonic "welding machines"
currently manufactured. Hence, this program dealt with the
extension of equipment capabilities rather than the develop-~ :
ment of new equipment.

An ultrasonic bonding system is complex in design but
simple in operation. Figure 4 illustrates the instrumented
laboratory version of the complete ultrasonic bonding sys-
ten. The system can be subdivided into four major subsystems:

l. Electronics system (also called frequency conver-
ter).

2. Acoustics system (also called the dynamic system).

3. Mechanical system (also called the static clamping
system; see Figure 5). ”

4. Auxiliary instrumentation (may not be employed
with production-oriented apparatus).

A detailed listing of the features (as shcwn in Figure
4) , characteristics, and engineering specifications for each
of these subsystems is given in Appendix B. _ s

L, INTERLAMINATE SPACING AS DETERMINED BY SURFACE
ROUGHNESS *

Diffusion bonding is a process whereby imperfect sur-
faces are forced into partial contact and the contact area
is increased via various activation mechanisms. The start-
ing contact point is dependent upon the surface shape
(contour) and the microscopic surface roughness. Flat but
rough surfaces will have a few large contact sites.

1lé
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Localized plastic deformation of the contact sites is
required to increase the number of contact sites and to
increase the contact area. Ultrasonic activation provides
the mechanism for inducing this localized plastic flow.
Once each surface atom is brought into intimate contact
with a metallic atom from the other surface, a bond can
form. How close is intimate contact? About 4 angstroms

(4 x 10—8 centimeters). This is the equilibrium distance
between corner atoms of an aluminum single crystal having

a face-centered cubic structure (see Appendix E). To better
illustrate the smallness cf this dimension, Table 3 was com-
piled to show representative surface roughnesses, film thick-
nesses, and atomic distances. The upper portion of Table 3
is arranged in progressive order of surface roughness from
the 100-microinch lathe-turned steel to the l-microinch
surface of polished plate glass. The latter represents a
lower limit for the mechanically scanned surface roughness
profilometer type pickup. But even with this readily recog-
nized "smooth" surface, the roughness is two-hundred-fold
too large for large-area intimate contact.

Table 3 also shows that representative "thin films" on
metallic surfaces are 10 angstroms thick. Such films need
to be dispersed to provide intimate contact between virgin
metal atoms. Aluminum surfaces oxidize within seconds o
an A1203 film about 15 angstroms thick (see hexagcnal lattice

constants for A1203 in Table 3). This oxide layer thickness

increases slowly by oxygen diffusion to a very stable, low-
permeability film approximately 50 angstroms thick (30).
After weeks of aging in air, the aluminum oxide layer changes
little because the film is nonporous, ionically bonded, and
relatively inert to atmosgheric contaminants. Diffusion
bonding of aluminum regquires disrupting and dispersing this
very stiff but brittle laver.

Ultrasonic activation induces rplastic flow under the
oxide layer in the vicinity of the contact sites, causing a
very high stress within the cxide layer.* The oxide layer

(30) Seitz, F., The Phvsics of Metals, McGraw Hill Book Co.,
Inc., New York, 19432, p. 190,

*The shear modulus of A1203 is six times larger than for pure

aluminum. Hence, at the aluminum shear vield point, the
oxide film (which experiences the same displacement) has a
shearing stress six times greater than the underlying
aluminum.
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fractures, releasing a flow of virgin aluminum through the

opening toward the mating surface. Metallic bonding occurs
where flowing paths intersect. The flow path length is de-
pendent upon the initial surface separation distance, which
in turn is dependent upon surface contour and roughness.

For comparison, Table 3 also shows the ionic radii of

two (key) ions are under 2 angstroms. These radii establish
lower limits on the closeness of "intimate contact."”

B. SURFACE TOPOGRAPHY

Even optically polished surfaces do not present large
area atomically intimate contact due to nonflatness, wavi-
ness, or other surface contours. Such surfaces are typi-
cally inspected with narrow-band light illuminating the
interface between it and an optical flat. The spacing and
shape of the interference fringes allow interpretation of
the test surface contours. Good-quality optical flats are
specified to be flat over a 2- to 6-inch-diameter region
within 1/10 wavelength (2 microinches). Wringing of two
such flat surfaces together still does not provide atomi-
@lly intimate contact as required for diffusion bonding.
Conditions are closer, however, since Johansson gauge blocks
fall in this category and they will become bonded over local
regions if stored in contact over extended periods of time.

Since it is impractical to consider fabricating opti-
cally polished and flat laminates for fluidic devices, bulk
plastic deformation must be induced to cause the surface
contours to coincide across each laminate interface.
Ultrasonics provides the activation mechanism for the
plastic shape changes required, as discussed later in this
report.

With an ultrasonic energy density chosen for low com-
pressive deformation, the average interface spacing would
be reduced to about one-fifth the initial value, or 45
microinches. Figure 6 shows a photomicrograph of a six-
layer assembly where the interface spacing varies from zero
to 100 microinches, but averages about 50 microinches as
predicted (note that 0.010 inch on a 200X enlargement equals
50 microinches). Figure 6 represents a stack cross section
which is well consolidated via bulk plastic deformation,
metallically bonded at spaced contact points and ionically
bonded at some of the intermediate points. If this section
came from a functional fluidic device, it is predicted that

22
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the leak rate would be acceptably low, i.e., less than a
few percent of the volumetric flow rate being controlled.

Leak rate measurements carried out in a later portion of
this work are described in Appendix A.

C. INTERLAMINATE CONTACT AREA

The statistical model for surface roughness described
in Appendix C lends itself to prediction of contact area
versus interface spacing for both static loading (largely
elastic deformation) and dynamic loading (largely plastic
deformation). In turn, the contact area, number of contact
sites, and contact size distribution can be used to predict
both the electrical and the mechanical properties of the
laminate assembly. OQualitatively, the predictions show a
fundamental correlation between electrical resistance and
shear strength of laminated stack assemblies.

Figure 7 is a large-scale model of two rough surfaces
in contact. The model has single values for asperity geom-
etry (i.e., peak height, peak spacing, peak shape, and peak
placement along the surface plane). This model serves to

illustrate several aspects of the analytical model presented
in Appendix C, namely:

l. 1Initial contact sites are finite in number (three
points are the extreme lower limit).

2. 1Initial contact areas are small until increacsed
by static loading, dynamic shearing, or both.

3. Complete consolidation and 100 percent contact can

be accomplished by surface conformation even though
the surfaces are rough.

D. UNIFORMLY DISPERSED BONDING SITES

Conventional ultrasonic bonding induces atomically
intimate contact over a large percentage of a finite bond
region. Ultrasonically activated diffusion bonding (as
developed for aluminum laminates) induces an array of bonded
sites more or less uniformly dispersed throughout the over-
lap region. 1In Appendix ¢, it is shown that the percentage
of area metallically bonded is small for etched aluminum
contact surfaces. However, the localized bond strengths

24



A, Initial zero-load contact

B. Contact with imperfect mating

C. Contact with complete consolidation

Figure 7. Model of rough surface multiple contact
interface.
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approach parent metal strength as found with conventional
ultrasonic nuggets. With the statistically distributed
surface peaks description of laminate bonding as consisting
of a uniformly dispersed array of strongly bonded points,
each of the experimental observations becomes understandable
and self-consistent. Hence, trends in laminate bonding can
be properly defined, and extrapolations to larger overlap
areas and thicker stacks can be more reliably forecast.

Samples of the Army-supplied aluminum laminates (which
had undergone photochemical etching to generate fluidic
channels) were scanned with a Brush Surface Analyzer. The
etched surface roughness averaged about 32 microinches.

When two such surfaces are placed in contact at low clamping
force, only a few extreme points touch, leaving an interface
spacing which is relatable to the rms roughness value of
each surface (see Appendix C).

E. SURFACE OXIDATION

Oxidation occurs first at the surface of a metal, and
the resulting scale forms a barrier that tends to restrict
further oxidation. For oxidation to continue, either the
metal must diffuse through the scale to the surface, or the
oxygen must diffuse through the scale to the underlying
metal. The tendency for aluminum to oxidize is greater
than for iron, but because the oxide barrier formed on
aluminum is extremely adherent and quite impervious to dif-
fusion, the rate of oxidation is rapidly decreased. Two
factors contribute to this effect: (a) The aluminum and
oxygen are very tightly bonded so that the aluminum ions
cannot readily diffuse through the oxide layer toward the
surface, and (b) the crystal structures of the aluminum
oxide and of the aluminum can be oriented so that there is
very little mismatch and considerable continuity from one
phase to another. 2s a result, there is a strong coherency
between the aluminum oxide surface and the aluminum metal
(39). Because of this strong coherency, there is no funda-
mental need to completely expel the oxide from the interfaces
to be bonded.

(39) Van Vlack, L. H., Elements of Material Science,
Addison-Wesley Publishing Co., Reading, Mass., 1960.
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IV. PRELIMINARY DIFFUSICN BONDING STUDIES

Initially work progressed toward obtaining optimum
impedance matching for effectively applying acoustic power
to a stack of two and six aluminum foil test coupons.
Several system limitations were revealed during this pre-
liminary testing. The two aluminum foil stacks showed an
indication of bonding activity having taken place. All
testing was performed at room temperature, atmospheric
pressure, and with mill-finish aluminum foil coupons which
had not been surface-cleaned or polished.

With the ultrasonic array assembled as described ear-
lier, initial evaluation was carried out to establish optimum
acoustic impedance matching between the acoustic system and
the frequency converter, using six aluminum foil (1145-H19
alloy) coupons interlaced to form a bond area approximately
1/2 inch square. Positioning pins were not installed in the
tips for the initial tests. The system incorporated the
original 2400-watt transducer assembly used on the previous
contract. Optimum impedance matching was obtained at low
input power levels but, because of the older design of the
original transducer, voltage limitaticns were encountered
when the system was driven at a 3000-watt level.

Six foil test cocupons were made using a punch plate and
were inserted on the positioning pins in an alternate pattern
as depicted in Figure 8. The coupons were placed under a
clamping force of 740 pounds and acoustic power was applied.
Optimum impedance matching was obtained at input power levels
up to 3000 watts. Acoustic energy (the product of power and
time) could be increased by lengthening the time of the acous-
tic power burst. The frequency converter was capable of de-
livering 4000 watts continuous and thus induced no power
limitation. The power monitor circuit, digital timer, and
power delivery of the frequency converter all worked satis-—
factorily.

A, LAMINATE ALIGNING PINS

The anvil tip was modified to accept two test laminate
positioning pins, and the reed tip was modified to provide
two clearance holes for the positioning pins. The pins were
placed in the anvil tip because this tip underwent less
physical displacement with the application of acoustic power.

27
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The hole pattern and pin diameter were made to accommodate
the test laminate supplied by the US Army Armament Research
and Development Command (ARRADCOM) .

A punch plate was fabricated to make aluminum foil
(1145-H19 alloy) coupons 1 by 1/2 by 0.0035 inch for pre-
liminary tests. Positioning holes were punched in the
exact location of those in the test laminates supplied by
ARRADCOM.

B. INSTRUMENTATION

Temperature monitoring was added to the equipment via
a Doric Scientific Model 410 digital temperature TRENDICATOR
which would accept wire thermocouples. A thermocouple wire
was placed in the anvil tip to provide a bulk temperature
measurement of the acoustic tip arsa for monitoring the
bresence of acoustic power activity at the tips. Another
thermocouple wire mounted on the transducer shell provided
indication of excessive energy in the transducer.

The TRENDICATOR provided a temperature resolution of
+ 0.1°C (or # 0.1°F) and a response time of 0.3 second per
reading at low temperature magnitudes, and 1.5 seconds per
reading at a temperature of 3200°F. The fast response time
was beneficial in measuring temperature rise during short
bursts of acoustic power. This instrument had the further
advantage that the cold junction temperature compensation
was built in.

C. STATIC FORCE SYSTEM

The static force system was found to have a practical
limit of 3000 pounds, because of the manual torque required
to turn the 3/4-16 threaded rods. This limit applied to the
insertion and removal of aluminum foil coupons or actual
laminates on a short-time-interval series of tests. Larger
static clamping forces could be achieved on an infrequent
basis.

D. PRELIMINARY SYSTEM LIMITATIONS

1. Acoustic system: 2400 watts maximum continuous
input with existing 2400-watt transducer.



2. Electronic system: 4000 watts maximum continuous
output; set to operate at 2400 watts.

3. Static force system: 3000 pounds for repetitive
testing.

4. Reed cooling system: For room-temperature tests,
compressed air was used for cooling.

5. Anvil temperature monitoring: The thermocouple
wire installed in the anvil tip provided immediate
monitoring of bulk heating effects.

6. Sample temperature monitoring: A miniature shielded

thermocouple bead in contact with the foil (or
laminate) stack.

E. BONDING OF TEST COUPONS

Preliminary bonding experiments were carried out with
laminates of test coupons made from 1145-H19 mill-finish
aluminum alloy, 1 by 1/2 by 0.0035 inch. Test conditions
for this series of experiments were as follows:

Room temperature

Atmospheric pressure

Overlap area: 0.2114 square inch

No special cleaning or polishing of specimens
Number of laminates: six

Reed and anvil tip material: stainless steel
annealed

Tip surface: ground to about 6 microinch finish
(rms)

Tip size: 2 inches diameter.

Initial experiments were carried out at several clamp
force levels, ultrasonic power levels, and ultrasonic expo-
sure times to serve as a guide for later tests. Data for
this exploratory work are provided in Table 4.

Subsequent tests were made using the bonding parameters

shown in Table 5, which also shows the compressive deforma-
tion of each sample after bonding.
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To obtain an early indication of the peel strength
associated with each layer, some of the samples were sub-
jected to a simple peel test in which no fixture was used
to keep the pull angle or bend radius constant. Adjacent
layers in the coupon stack were secured in the jaws of an
Instron tensile testing machine so that each layer formed
a 90-degree angle with the bonded portion of the stack.
Maximum peel strengths for Sample #3, for progressive layers
from the reed tip side, were 4.0, 4.0, and 0.5 pounds; for
Sample #5: 5.0, 6.5, 8.0, and 5.0 pounds; and for Sample
#7: 8.0, 10.0, 10.5, and 6.5 pounds (see Figure 8 for stack
assembly) .

In addition, a tensile test was performed on the layer
of Sample #3 closest to the anvil tip. The parent metal
strength was 38.5 pounds, and the test coupon single-layer
strength was 40.5 pounds, which shows close agreement. It
was noted that this layer broke at the bond seam. Since
this sample was bonded with lower energy input than the
other samples in the series, no further tensile tests were
performed; it was anticipated that the individual layers of
the samples bonded at higher energy levels would likewise
break at the bond seam at a tensile strength approximating
the parent metal strength.

P, BONDING OF TEST LAMINATES

Since effective bonding was achieved with the test
coupons, further bonding tests were carried out with actual
test laminates, using the same bonding conditions as for
the coupons:

Room temperature

Atmospheric pressure

Overlap area: 0.2114 square inch

No special cleaning or polishing of specimens

Reed and anvil tip material: stainless steel

annealed

Tip surface: ground to abecut 6 microinch finish

(rms)

Tip size: 2 inches diameter.

che)



Samples #2 through #12 were subjected to the same
bonding parameters as the test coupons, but the compressive
deformation was substantially greater than for the coupon
series. Consequently the static clamping force was reduced
by half for the remainder of the tests (Table 6).

Before any changes were made to the test fixture,
bonded specimens were prepared with 6, 12, and 18 laminates
to determine the maximum number of laminates that could be
handled with the existing laminate retainer pin design and
to obtain an early indication of the effect of the number
of laminates on bond quality with the selected test para-
meters. As shown in Table 6, ultrasonic coupling time was
progressively increased for each laminate group.

G. EFFECTIVENESS OF TEST FIXTURE

After the above samples had been prepared, the acoustic
System was disassembled to correct noise that had developed
in the reed and anvil tip area. It was found that the joint
between the force-insensitive mount and the test fixture
sealing flange and also the joint at the base of the wedge
coupler had worked loose. The effect of these loose joints
on the acoustic system was to reduce acoustic power trans-
mission efficiency. The power delivered to the laminate

stack is the product of the input power (Pin(av)) and a

constant (K). The constant, however, is the product of all
the coupling coefficients associated with each joint in the
acoustic system, starting with the transducer and ending
with the anvil.

The results of acoustic system performance calcula-
tions predicted that a threefold increase in the acoustic
power (PA) was obtained from the reworked system.

The total acoustic energy (Etotal) into the acoustic

System was varied by varying the number of 4-second power

bursts. The total coupling time (tcoup) is the product of

the number of power bursts (N) times 4 seconds per power
burst.

As the bonding experiments progressed, the test lami-
nates began bonding to the drive reed and anvil tips. This
demonstrated that the tip material must be changed from 303
stainless steel to a material with greater yield strength
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and with a textured finish insteazd of a smooth finish on
the tip faces.

The test data indicated certain trends. There was an
increase in compressive deformation with increase in total
energy input. The number of laminates used with the test
coupons was six, and the clamping force was 2220 pounds.
The test laminates bonded under the same conditions showed
a higher compressive deformation than did the test coupons,
indicating an increase in coupling of acoustic power to the
laminate stack. At a clamping force of 1110 pounds, the
compressive deformation decreased with a decrease in total
energy input and in general decreased with an increase in
the number of laminates in a stack.

The bond quality as determined visually appeared to
improve with reduced clamping force and with reduced energy
input. The minimum energy required for a good visual bond
depended on the number of laminates in a stack.

H. SUMMARY OF OBSERVATIONS

1. The trends suggested that clamping force and possi-
bly input power should be reduced to arrive at a
minimum achievable compressive deformation with
"good bonding" under the existing test conditions.

2. A new tip design and acoustic system improvements
should increase coupling of acoustic power to the
laminate stack.

3. The design of the laminate retaining pins limited
the working number of laminates in a stack to 18
(with 3-mil-thick laminates). Pin length was arbi-
trarily chosen to accommodate a stack thickness of
60 mils early in the program and does not represent
a system limit.
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V. BONDING STUDIES WITH LAMINATES
OF INCREASING AREA

Improvements were made to the acoustic bonding system,
and the modified system was used to prepare a total of 26
bonded laminate samples with 1/2 by 1/2 inch overlap area.
A dramatic improvement in bonding performance was obtained

An energy input level (Etotal) of approximately one-

fourth of that used previously was applied to the test
laminates. Comparable percent compressive deformation
was obtained, substantiating earlier predictions. Also,
bonds with significantly less compressive deformation were
achieved as the total input ultrasonic energy level was
reduced.

As a result of the improved efficiency of the acoustic
system, experimental data were obtained for observing the
effect on visual bond quality and compressive deformation
by varying the following parameters:

Constant Variable

a. Clamping Force (F) Bonding Time (t)

No. of Laminates (N) and

Laminate Thickness (L)
Bond Area (A)

RF Load Power (Pload)

Total Input Ultrasonic
Energy (Etotal)

No. of Laminates (N)
Laminate Thickness (L)
Bond Area (2)

Bond Time (t)

RF Load Power (Pload)

38

Input RF Excitation
Energy (B ia1)

Clamping Force (F)
(fourfold range)



Constant Variable

C. Static Compressive Stress Bond Area (A)
(o) (fourfold range)

Average Ultrasonic Power
Density Input (P/A)

Bond Time (t)

In-situ electrical resistance measurements of the
various laminate stacks were obtained during the bonding
cycle. A bench model pneumatic press was set up to obtain
static electrical resistance measurements (under reproduc-
ible contact force conditions) to determine if a trend
relating electrical resistance to bond quality could be
ascertained.

A, TEST COUPONS

Using the newly modified acoustic system, tests were
first made on coupons of 1145 aluminum foil, 3 mils thick.
The frequency and power levels of Samples #3 and #4 (Table
5) were used as a starting point. The test conditions were

as follows:
Room temperature
Atmospheric pressure
Overlap area: 0.2114 square inch
No special cleaning or polishing of specimens
Number of layers: six

Reed and anvil tip material: M2 tool steel
heat-treated to
Rc 60-62

Tip surface: EDM 200

Tip size: 1-1/8 inches square.

During the tuning and impedarice matching procedure, a

1 74 = 3 - *
total energy input of Ein(total) 37,600 watt-seconds* was

applied to the first test coupon stack in a series of time

* 1 watt-second = 1 joule.
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bursts while optimizing electrical drive parameters. This
Sequencer was terminated because the metal in the bond area
was excessively distorted and compressed to the extent that
the bond area was increased to almost twice the original
size. This overdone sample serves to illustrate the results
of ultrasonically induced superplasticity over prolonged
periods or at high energy density. As predicted, signifi-
cantly more acoustic power was being coupled to the test
coupon stack than was the case with earlier samples (#3 and
#4). Analysis of the modified acoustic system estimated a
threefold increase in available acoustic power (PA)‘ From

the extreme compressive deformation of Sample #31, as well
as the system analysis, it was concluded that the acoustic
power (PA) increased by a factor of 4 to 1.

Bla ETCHED LAMINATE BONDING CONDI TIONS

Having defined a range for the ultrasonic energy input
(Etotal)’ testing was resumed on the etched laminates. Test

conditions were the same as those listed above, except that
the overlap area was increased.

Three overlap areas were examined: 1/2 by 1/2 inch;
1/2 by 1 inch; and 1 by 1 inch. An optimum operating fre-
quency and proper impedance match were achieved for each
overlap area. Bonding conditions for the three areas are
given below:

Small Intermediate Large

Stack Stack Stack
Overlap area (A), (in.2) 0.25 0.5 1.0
Clamping force (F),

(pounds) 555 .10 2220
Average load power (PL),

(watts) 600 1200 2400
Number of laminates (N) 6 6 6
Laminate thickness (L),

(inch) 0.005 0.005 0.005
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Small Intermediate Large

Stack Stack Stack
Stack thickness (NL),

(inch) 0.030 0.030 0.030
Compressive stress

(o= = F/A), (psi) 2220 2220 2220
RF power density

(o =P /a),

(watts/in. 2) 2400 2400 2400
Bond time (t), { seconds) 3.34 3.34 3.34
Energy density,

( joules/in.2) 8016 8016 8016

C. SMALL-SIZE ETCHED LAMINATES

The second series of tests was made with laminates
having an overlap area of 1/2 by 1/2 inch. The RF excita-
tion energy (ultrasonic input) was an order of magnitude
less than that previously used. E was 12,000 joules

total
and less at an RF load power ingut, Popr of 600 watts
(Table 7), instead of the previcus 175,000 joules and less
at an RF load power input of 24C0 watts (Table 6).

This first examination of kond area versus bond
quality was performed keeping compressive stress (o= ),
RF power density (¢ ), and bond time (t) constant. A
simple linear scaling model would predict constant bond
quality, while previous ultrasonic experience would predict
a nonlinear degree of deformation. The results shown in
Table 7 reveal a nonlinear deformation relationship.

Examination of Figure 9 shows that good visual bond
quality was being cbtained in the 1000-joule range for the
conditions annotated on the graph. It would be desirable
to undertake auxiliary tests that would yield quantitative
results on bond gquality. The stack electrical resistance
measurement was considered one means of achieving this goal.
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VISUAL BOND EVALUATION

Greater

Deformation b
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Figure 9.

Compressive Deformation in Percent

Visual boné quality versus compressive
deformation (representative for 3-mil
etched laminates, 1/2 by 1/2 inch)
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D. INTERMEDIATE-SIZE ETCHED LAMINATES

A third series of tests was made on etched laminates
having a 1/2 by 1 inch overlap area. As noted, the RF load
power for this series was increased from 600 to 1200 watts,
since the overlap area was doubled, while the compressive
Stress was held constant (2200 psi). Again good-quality
bonds were obtained (Table 8) but with substantially reduced
deformation.

In-situ measurements of the electrical resistance of
the laminate stack were made on samples obtained during this
series. Figure 10 shows typical results of the total RF
input energy versus the assembly electrical resistance.
Note the dramatic drop in resistance as the oxide interface
is dispersed and the metallic bond is formed at the inter-
mediate energy levels. The total resistance measured in-
cluded contributions from the copper shim electrodes, the
reed and anvil tips, the laminate stack, and the contact
resistances for the 1/2 by 1 inch contact areas. The fix-
ture resistance represents a major portion of the final
assembly resistance: over 80 percent, as shown in Figure
10. Because of the relatively high fixture resistance, an
interim goal for the face-to-face stack resistance was set
at under 100 microhms. Subsequent analysis and photomicro-
graphs show that the goal should have been more stringent
(e.g., under 10 microhms).

E. LARGE-SIZE LAMINATE BONDING

Attempts to bond 1.0 by 1.5 inch etched laminates
with l.6-inch-square tips were not successful due o the
large operating frequency shifts introduced by the massive
tips. Attempts to operate at abnormally low frequencies
(e.g., at 14.1 kilohertz with 15-kilohertz transducers)
also led to large impedance mismatches which limited the
available RF load power.

Static electrical resistance measurements were made
of the extra large laminate stack assemblies obtained
during these experiments. Representative results are
summarized in Table 9. Those in the first group (Samples
#61 to #64) were produced using the 1.5 by 1.5 inch tips
and the larger 3.2 kilowatt (rms) transducer. Overall,
the power delivered was not sufficient to obtain good
bonding for the area.
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